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Neutrophil is a major player in the pathophysiology of severe sepsis. Recent studies have revealed that the cell
death mechanism of neutrophils directly relates to the development of organ dysfunction during sepsis. Here we
discuss about the different types of neutrophil cell death such as necrosis, apoptosis, autophagy, and the unique
cell death style dubbed NETosis. NETosis cells release neutrophil extracellular traps (NETs), which are composed of
chromatin bound to granular and nucleic proteins. The primary purpose of NET release is thought to be the control
of microbial infections; however, it acts as a danger signal for the host as well. The harmful substances such as
DNA, histones, and high-mobility group box 1 (HMGB1) and many other danger-associated molecular patterns
(DAMPs) released along with NETosis or from necrotic neutrophils also contribute to the pathogenesis of sepsis.
At the same time, the coagulation system, which is closely tied to these neutrophil cell death mechanisms, is often
over-activated. It is well known that individual bacterial pathogens express virulence factors that modulate cell
death pathways and influence the coagulation disorder during sepsis. Moreover, extensive cross talk exists between
these two phenomena, whereby inflammation leads to activation of coagulation and coagulation considerably
affects inflammatory activity. A greater knowledge of cell death pathways in sepsis informs the potential for future
therapies designed to ameliorate excessive immune responses during sepsis.
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Neutrophils play a central role in the innate immune
system [1]. The well-known functions of neutrophils are
the migration to the infection site where they engulf and
inactivate microorganisms through the fusion of phago-
somes with granules and the formation of phagolyso-
somes, in which antimicrobial enzymes and reactive
oxygen species (ROS) act synergistically for the clear-
ance of pathogens [2]. Excessive neutrophil activation re-
sults in degranulation and release of ROS into the
extracellular medium, which leads to host tissue injury
[3], while neutrophil apoptosis contributes to the reso-
lution of inflammation [4].
Neutrophil cell death is divided into necrosis, apop-
tosis (type 1 programmed cell death), autophagy (type 2
programmed cell death), the newly recognized NETosis,
and some other types. Necrosis is characterized as cell* Correspondence: toshiiba@cf6.so-net.ne.jp
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stated.death exhibiting cytoplasmic swelling, disorganized or-
ganelles, ruptured plasma membrane, and lytic nucleus
[5]. In contrast, chromatin condensation is the notable
feature of apoptosis, which later proceeds to the frag-
mentation of the nucleus and formation of apoptotic
bodies consisting of intact plasma membrane and var-
ious organelles. Autophagy is known as a process of
degradation of the self-components with a purpose of
recycling cytoplasmic components. It is characterized by
the formation of autophagosomes, which are large vesi-
cles containing cytosol and organelle, which then fuse
with lysosomes and are degraded without cell damage
[6]. As a matter of fact, these forms of cell death appear
to be transformable. For example, autophagy is thought
to be a reversible cell death; however, once autophagic
capacity is overwhelmed by certain stimulations, apop-
tosis is triggered. Apoptotic cells often turn to necrosis
if the stimulus is too strong, and this type of cell death
is known as aponecrosis.
The fourth style of neutrophil cell death NETosis is
quite unique. NETosis is a type of programmed cell. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited. The Creative Commons Public Domain Dedication
ain/zero/1.0/) applies to the data made available in this article, unless otherwise
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http://www.jintensivecare.com/content/1/1/13death. Neutrophils can kill pathogens extracellularly by
releasing neutrophil extracellular traps (NETs) [7]. The
impact of NETs derives from the combined antimicro-
bial activities of chromatin, histone, elastase, and other
cytoplasmic proteins. In this review, we introduce the
mechanism and the morphological findings of major
types of neutrophil deaths in the following part.
Review
Neutrophil function against microbial infection
Neutrophils protect the body at the front line against
microbial infection. Once the bacterial or fungal infec-
tion is established, neutrophils are discharged from the
bone marrow into the bloodstream within hours and
then migrate into the extravascular infectious site fol-
lowing the chemoattractants. Tissue neutrophils are acti-
vated by the inflammatory cytokines, complements, and
other pro-inflammatory mediators. At the infectious site,
neutrophils ingest and digest microorganisms, which is
known as phagocytosis, and this process has been
thought to be the most important role of neutrophils in
the host defense. Neutrophils phagocytose and engulf
microbes into phagosomes that rapidly fuse with the
granules which contain the toxic molecules, phospholi-
pases, ROS, and proteases including lysozyme, bacteri-
cidal permeability-increasing protein (BPI), defensins,
and cathelicidins [8] (Figure 1).
Neutrophils are inherently short-lived, approximately
5–6 days, and undergo spontaneous apoptosis [9]. In in-
fected tissues, their apoptosis can be delayed both by mi-
crobial constituents and by pro-inflammatory stimuli
[10,11]. Generally, the tissue neutrophils die in apop-
tosis; however, if the infection is serious enough, some
undergo necrosis or other styles of cell death. Except for
apoptotic and autophagic cell deaths, uncontrolled re-
lease of toxic substances from the dead neutrophils can
propagate the inflammatory response leading to tissueFigure 1 Phase-contrast microscopic view of phagocytosis (objective
known as phagolysosomes (arrows). Scale bar represents 10-μm length.damage. Therefore, avoidance of unprogrammed death
and scavenging of the dying neutrophils is crucial for the
maintenance of homeostasis [12,13]. To terminate the
inflammation, it is necessary not only to attenuate the
generation of anti-inflammatory mediators but also to
remove the inflammatory cells along with the microbes
they have ingested [14].
Necrosis
Induction of necrosis
Most neutrophils undergo apoptosis after they leave the
peripheral circulation without infection [15]. When
apoptosis proceeds in an orderly fashion, tissue macro-
phages and other phagocytes ingest the apoptotic bodies
which include potentially injurious granular enzymes. In
contrast, necrosis is a turbulent cell death. If this acci-
dental cell death is triggered by unexpected events, toxic
constituents including proteolytic enzymes and oxidant-
generating enzymes are released from the necrotic cells
in an unregulated manner. Neutrophil necrosis is prob-
ably one of the major causes of tissue damage during in-
fection [16], but little is known as to how they undergo
necrosis, and there is no simple method that can detect
the neutrophils undergoing necrosis.
Response to necrosis
Necrotic cells release a variety of danger signals known
as damage-associated molecular patterns (DAMPs) such
as high-mobility group box 1 (HMGB1), uric acid, heat
shock proteins, DNA-chromatin complexes, and anti-
microbial peptides. Many of these substances are recog-
nized by specific receptors named pattern-recognizing
receptors (PRRs) and stimulate the synthesis of pro-
inflammatory mediators. For example, HMGB1, a nuclear
protein binding to DNA and regulating gene transcription,
is released from the necrotic cells and has been shown to
stimulate inflammatory cytokine secretion by monocytes× 40). Phagocytosed Escherichia coli are visualized inside vacuoles
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(MSU), are released to the cytosolic compartment under
inflammatory stimulation. MSU has recently attracted at-
tention as a strong inducer of inflammatory reaction [18].
DNA-chromatin complexes [19] and heat shock proteins
[20,21] have also been shown to stimulate pro-inflamma-
tory cytokine production [22]. Since PRRs have been
known to recognize the molecular patterns of micro-
organisms and their related products, the intra- and ex-
trainflammatory stimulus known as pathogen-associated
molecular patterns (PAMPs) in sepsis is mediated through
similar receptors. PAMPs are common components to
many microbes, for example, lipopolysaccharide, peptido-
glycan, and flagellin, which are of bacterial origin, as well
as RNA and DNA, which can be of viral or bacterial
origin. As for PRRs, Toll-like receptor (TLR) is the best
known, and more than ten subtypes have been identified
in humans. Among them, TLR-3 is a receptor for viral
double-stranded RNA, which allows macrophages to
recognize by-products of necrotic neutrophils, thereby
stimulating the generation of pro-inflammatory cyto-
kines [23].
The appearance of necrotic neutrophils
Necrotic neutrophils are specified to have a swollen
cytoplasm with an undisposed nucleus. Under serial ob-
servation, the initial step of the morphological change
was observed in the nucleus, i.e., lobulated nuclei
(Figure 2a) fused and turned to a large round structure
(Figure 2b). In the second step, ballooning of the cell and
membrane disintegration were recognized (Figure 2c).
However, these were not the primary morphologicala
Figure 2 Morphological changes in necrotic neutrophils. Time-lapse im
in vitro. The lobulated nucleus (arrow) (a) fused and became a round-like m
cellular membrane that allows cells to swell (c). Scale bar represents 10-μmchanges since many of the neutrophils undergo apop-
tosis initially. But, if the insult is severe enough, some
neutrophils under the pathway of apoptosis turns to
necrosis, and this style is known as ‘secondary necrosis’
[24]. At the late stage of necrosis, although the nuclear
membrane appeared intact, the chromatin had decon-
densed and the nuclear contents have spilled out into the
cytoplasm, and this event was recognized as the staining
of the cytoplasm under the immunofluorescence micro-
scopic observation (Figure 3, middle). Cell necrosis finally
leads to the permeabilization of the cytoplasmic mem-
brane and cell disintegration (open autolysis) with leakage
of cell contents [25].
Apoptosis
Induction of apoptosis
In contrast to necrosis, which is a passive sequence of
events leading to disintegration of the nuclear envelope
and cytoplasmic membranes, apoptosis represents a
highly organized programmed cell death [26]. The ability
to eliminate cells by apoptosis rather than necrosis is fa-
vorable to the host because the cell elimination in an
orderly manner can limit the extent of cell death and in-
flammation caused by the uncontrolled release of toxic
neutrophil products during necrosis. Apoptosis is initi-
ated by either an intrinsic or an extrinsic pathway. The
intrinsic pathway is activated by different noxious sti-
muli and involves the release of cytochrome C from
mitochondria into the cytosol [27]. This release triggers
the activation of intracellular caspases responsible for the
cleavage of DNA and structural cytoplasmic proteins [28].
The second, extrinsic pathway of apoptosis is triggered byb c
ages of the neutrophils. Necrosis was induced by lipopolysaccharide
ononuclear cell (b). The necrotic cells terminally compromise the
length.
Figure 3 Immunofluorescent staining of necrotic neutrophils. Bright-field (left panel) and overlay (middle panel) images showing DNA
distribution in mouse neutrophils stimulated by lipopolysaccharide. In the necrotic neutrophils (white arrows), DNA spreads in the cytoplasm and
are stained by ID-red (red), while other cells keep the granules and DNA resides in nuclei (black arrows). The right panel shows the combined
image of the selected cells. Microscopic pictures were taken 3 h after stimulation. All scale bars represent 20-μm length.
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factor (TNF)-α or Fas ligand (FasL) to specific TNF recep-
tors on the cell surface [29]. The binding of these ligands
then generates a transmembrane signal to activate the cas-
pase sequence. In the case of neutrophil, the timing of
apoptosis is strictly regulated. Neutrophil granulocytes
in particular are primed to undergo apoptosis within
24–48 h after having left the systemic circulation, but
the exact time at which this occurs is influenced by
several factors [30,31].
The appearance of apoptotic neutrophils
Having fulfilled their purpose at a site of infection, neu-
trophils undergo apoptosis and efficiently dispose cells
through ingestion by macrophages [32,33]. Morpho-
logical features of apoptosis include the condensation of
chromatin (Figure 4a) and its migration to the nuclear
periphery (Figure 4b), fragmentation of nuclear DNA,
and the blebbing of cell membranes, forming apoptotic
bodies (Figure 4c) ready for ingestion by the neighboring
phagocytes [32,34].
Autophagy
Autophagy is a homeostatic mechanism involved in the
clearance of damaged organelles and in cellular survival
under certain stresses or nutrient depletion to provide
essential nutrients and proteins through recycling of the
cytosolic organelles [35]. The implication of autophagy
in innate immunity is yet to be clarified, but one possible
explanation for activated autophagy during sepsis is thatthe autophagic process results in the removal of intracel-
lular pathogens (xenophagy) during sepsis [36,37]. The
regulation of autophagy by activation of ROS, TLR, and
inflammatory cytokines such as TNF-α and interferons
has been reported [38-40]. TLR activation does not result
in excess oxidative burst, but the inhibition of apoptosis
leads to the induction of autophagy [41,42]. Considering
the regulatory role of apoptosis in the inflammatory
process, the pro-survival induction of autophagy in neu-
trophils enhances the inflammatory responses by delaying
cell death and could be involved in the pathogenesis of
sepsis related to suppression of apoptosis, leading to tissue
injury. As mentioned previously, autophagy is basically
the survival mechanism of cells; however, when the insult
is excessive, autophagy results in autophagic cell death.
Morphological features of this cell death include vacuoli-
zation, degradation of cytoplasmic content, and lack of
chromatin condensation. Cells undergoing autophagic cell
death may be internalized by neighboring cells. Therefore,




The term ‘NETosis’ for neutrophil cell death leads to the
formation of NETs. NETosis is the third programmed
neutrophil cell death, which is quite different from other
types of cell death. Under the circumstances of bacterial,
fungal, or parasitic infection, microbial components such
as lipopolysaccharide and lipoteichoic acid, and ROS
a b c
Figure 4 Morphological changes in apoptotic neutrophils. Time-lapse images of the neutrophils. Early apoptotic morphology with a
condensed nucleus induced by lipopolysaccharide (arrow) (a). Roundup cell with perinuclear chromatin aggregation but cytoplasm integrity (b).
At the late stage of apoptosis, the nucleus collapses and cytoplasmic granules are tightly packed. Finally, blebs are formed by the plasma mem-
brane (c). Scale bar represents 10-μm length.
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phological changes in neutrophils [44]. Rapid NET for-
mation is also induced by platelets activated via TLR-4
[45]. Similarly, alarmines such as heat shock proteins,
HMGB1, as well as RNA and DNA of host origin are de-
tected as the initiators of NETosis. With regard to PRRs,
RNA and DNA are reported to be sensed by TLR-9 [46],
while histones are reported to be sensed through TLR-2
and TLR-4 [47].
Mechanisms of NETosis
Under a certain stimulation, ROS is activated as the first
step, then neutrophil elastase (NE) and myeloperoxidase
(MPO) migrate from granules to the nucleus, and finally,
the processing of histones leads to rupture of the cell.
One of the most common inducers of NETosis is phor-
bol myristate acetate (PMA), which directly stimulates
protein kinase C (PKC) and subsequently leads to the
production of ROS. One of the distinctive appearances
of NETosis is the homogenous nucleoplasm, and this
change depends on the activity of NE and MPO. NE is
initially stored in azurophilic granules in the cytosol.
After the stimulation, NE is released from the granules
and enters the nucleus, where it degrades the linker
histone H1 and processes core histones [48]. MPO also
migrates to the nucleus and it enhances chromatin
decondensation. Thus, NE and MPO cooperate to un-
dergo further histone modifications to decondense the
chromatin structure. Eventually, NETs are quickly re-
moved once the infection is resolved. NETs are suscep-
tible to DNase1 [49], and the debris left by DNase1 willbe cleared by macrophages and neutrophils recruited to
the inflammatory site [50].
The role of NETs
One of the major roles of neutrophils is the elimination
of microorganisms. For that purpose, NETs are expected
to trap microbes and prevent their dissemination to the
circulating blood. Inactivation of the virulence factors
and the extermination of pathogens are also requested.
Trapping microbes, most likely through charge inter-
action [51], prevents their dissemination and encloses
them at the initial site of infection. Interestingly, Group
A Streptococcus pyogenes [52], pneumococcus, and Sta-
phylococcus aureus [53] are capable of liberating them-
selves from NETs since they encode endonucleases. As a
matter of fact, the expression of DNase is essential for
these bacteria to be pathogenic [52]. Other than DNA,
NETs contain several proteins toxic to microbes. These
include lysozyme, antimicrobial peptides, ion chelators
(calgranulin), and histones. The antimicrobial activity of
NETs is likely the result of the combination of these
components. Their effects are enhanced by the combin-
ation work and the high local concentrations achieved
on NETs. MPO on NETs is also essential to kill mi-
crobes. The antifungal activity of NETs has been as-
signed to calgranulin [51]. Histones are the main toxic
components of NETs; however, the mechanism of his-
tone toxicity is poorly understood. In severe sepsis, ex-
tranuclear histones can be detected in circulating blood,
which are released abundantly during NETosis [51].
Since circulating histones are also harmful for the host
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strategy.
The appearance of NETs
NETs are hardly seen on light microscopy. They just
look like debris of the dead cells (Figure 5, left upper
panel). In general, NETosis is morphologically character-
ized by the loss of intracellular membranes before the
integrity of the plasma membrane is compromised [55].
The structure of NETs observed by electron microscopy
is quite unique; NETs consist of net-like filaments of nu-
cleosomes with a diameter of approximately 17 nm and
stud-like components of granular proteins with a diam-
eter of approximately 50 nm [51]. This morphology in
scanning electron microscopy easily differentiates NETs
from other fibrous structures such as fibrin. Under im-
munofluorescent microscopy, NETs are visualized as
cloud-like structures surrounding the dead neutrophils
(Figure 5, lower panels). The time-course of NETosis is
as follows: minutes after activation, neutrophils flattened
and firmly attached to the substratum; during the next
hour, the nucleus loses its lobules (Figure 6a) and the
chromatin decondenses (Figure 6b); after several hours,
the nuclear envelope disaggregates into vesicles (Figure 6c)
and the nucleoplasm become homogenous (Figure 6d);Figure 5 Immunofluorescent staining of NETs. The bright-field (left uppe
staining by propidium iodine visualizes DNA ejected from the neutrophils
neutrophils stimulated by PMA (right upper panel) and the overlay imag
expelled DNA. All scale bars represent 20-μm length.and finally, the cell membrane ruptures and the interior of
the cell is ejected into the extracellular space (Figure 6e),
forming NETs (Figure 6f).
Neutrophil cell death and coagulation
There is universal agreement that dysfunction in coagu-
lation develops during sepsis and leads to inappropriate
intravascular thrombus formation. In contrast, discus-
sions are still going on whether coagulopathy has pa-
thogenic roles in the progress of sepsis or is a mere
response to the insult. This debate is still inconclusive
since the results of the clinical trials using anticoagulants
are inconsistent [56-59].
One of the purposes of this review is to elucidate that
neutrophil death relates to the activation of coagulation.
Indeed, the fact that activation of the coagulation system
represents an essential innate immune response that
limits microbial spreading is a global consensus [60].
Monocytes/macrophages are widely accepted as the
main players in the pro-coagulant process; however, re-
cent evidences have suggested that neutrophils also play
important roles. One of the mechanisms is explained by
the tissue factor exposed on the surface of the dying
neutrophils [61], as well as on microparticles derived
from neutrophils [62]. Neutrophil-derived proteinasesr panel) view of NETosis induced by 10 nM of PMA. Immunofluorescent
(left bottom panel, same field as above). Phase-contrast view of the
e (right bottom panel) showing DNA distribution (red). Arrows indicate the
a b c
d e f
Figure 6 Morphological changes in NETosis. Time-lapse images of the neutrophils. The nucleus loses its lobules (a), the chromatin decondenses
(b), the nuclear envelope disaggregates (c), the nucleoplasm becomes homogenous (d), the cell membrane ruptures and the interior of the cell is


















Figure 7 NETosis and microthrombus formation in sepsis. Microbes activate the neutrophils. Activated neutrophils activate platelets and the
coagulation system by expelling microparticles, nuclear components, and granular proteins. At the same time, neutrophils accumulate and adhere
to the endothelium in collaboration with platelets during sepsis. There, neutrophils expel NETs that kill bacteria and activate the coagulation system.
NETs serve as a scaffold for thrombus formation. Thrombi substantially lead to microcirculatory damage and then organ dysfunction in sepsis.
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trophils are another contributor. These proteases cleave
tissue factor pathway inhibitor (TFPI) [63] and anticoa-
gulants such as antithrombin and activated protein C
[64]. Other than these sources, NETs also provide pro-
coagulant activities. During sepsis, neutrophils accu-
mulate and adhere tightly to the endothelium. There,
neutrophils expel NETs that serve as a scaffold for throm-
bus formation [65] (Figure 7). Serine proteases in neutro-
phil, such as NE and cathepsin G, degrade physiological
coagulation inhibitors such as antithrombin and accelerate
coagulation. The major components of NETs, chromatin
and histones, are the strong initiators of coagulation
[54,66]. These phenomena indicate that clot formation is
enhanced by NETs. Other than those, NETs express high
amounts of tissue factor. The release of tissue factor-
bearing NETs at the sites of inflammation may result
in the localized activation of the coagulation cascade
[67]. We now know that numerous neutrophils are
recruited and adhere to the vascular endothelium and
play major roles in thrombus formation. There, acti-
vated platelets cooperate with neutrophils to form NETs
as well [68,69].
Thrombus formation causes obstruction in the micro-
vasculature and induces tissue ischemia and injury,
thereby contributing to multiple organ failure and death.
Therefore, if microthrombus formation is prevented or
shut off, the organ function should be preserved. But, in
practice, there are multilayered confounders in such set-
tings, including population heterogeneity, comorbidities,
and contraindications to standard care therapeutics.
Moreover, as stated in this review, since thrombus for-
mation is an essential part of the host defense mecha-
nism, neither unconditional application of anticoagulant
therapy nor modulation of neutrophil death will be be-
neficial to the host.
Conclusions
Neutrophil cell death plays a pivotal role in the patho-
physiology of sepsis. Although apoptosis has been the
major focus of investigation, necrosis, autophagic cell
death, and the new comer NETosis also play significant
roles in this critical situation. Actually, a variety of styles
of cell death coexist in sepsis, and the population of ne-
crosis and NETosis are especially important to regulate
the host condition. The specific virulence factors ex-
pressed by individual pathogens, the degree of insult, the
duration of stimulation, and the response of the host im-
mune system may determine the distribution of cell death
phenotypes. It is apparent that cell disintegration and mol-
ecules such as histones, nucleosomes, proteases, and tis-
sue factor released from the dead cells all play governing
roles in the inflammatory and coagulatory responses,
therefore host immune competence, during sepsis.Abbreviations
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